Abstract During spawning events, horseshoe crab eggs are released from the female's oviducts, and fertilized by one or more males. Eggs are shaped by the female into discrete clutches deposited in nests at depths of 10−20 cm on intertidal estuarine beaches. Distinguishing between fresh eggs and the early developmental stages is obfuscated by the large amount of dense, opaque yolk. The first unambiguous confirmation of development is the formation of the rudimentary prosomatic appendages at the "limb bud" stage. Several days thereafter, the outer chorion is shed and the developing embryo expands and undergoes a series of molts within the clear inner egg membrane. The trilobite (first instar) stage thus attained may remain within the beach sediments for several more weeks, until hatching is facilitated by environmental factors such as hydration, agitation, and osmotic shock that accompany the infiltration of seawater into the nests. Trilobites exhibit endogenous circatidal swimming rhythms that are entrained by mechanical agitation, suggesting that peaks in larval swimming are timed to coincide with periods of high water and the inundation of the nests. Larval swimming is limited and does not appear to result in long-distance dispersal. The limited dispersal of the larvae has important implications for the population dynamics of relatively isolated populations. The rate of larval development is highly plastic and is influenced by temperature, salinity, dissolved oxygen, and the presence of pollutants. The 
Introduction
The reproductive and developmental biology of horseshoe crabs is fascinating and unusual, and gives important insights into the reasons why this lineage has been so successful over evolutionary time. Horseshoe crabs are the only extant marine arthropods that have external fertilization without brooding of the eggs (Brusca and Brusca, 1990) , and the only ones that migrate from offshore depths to the intertidal zone, where they spawn on estuarine beaches. In this paper, we provide a brief account of horseshoe crab spawning and an overview of embryonic development. We then discuss the behavior and physiology of horseshoe crab larvae, and the ways in which these attributes are integral to their survival across the wide range of estuarine environments in which they live. Next, we describe how an understanding of developmental ecology can aid fishery management practices through the use of egg density as an index of horseshoe crab intensity. To conclude, we discuss the role that developmental ecology may have had in explaining the long-term evolutionary resilience of horseshoe crabs.
Spawning
Horseshoe crabs typically come ashore as amplexed mated pairs; a male uses specially modified pedipalps ("claspers") to attach to the posterior of the opisthosoma of a female. At the time of spawning, the mated pairs are surrounded by multiple satellite males that milt as the female deposits her eggs (see reviews by Brockmann, 2003a; Brockmann and Smith, 2009 ). The mating system of horseshoe crabs has been extensively studied in recent decades, with emphasis on the role of lunar and tidal rhythms in spawning behavior (Rudloe, 1980; Barlow et al., 1986) , the effects of body size (Brockmann, 1990; Loveland and Botton, 1992; and eye and clasper condition (Duffy et al., 2006) on mating success, and the comparative fertilization success achieved by males utilizing alternative mating tactics (Brockmann et al., , 2000 Brock-mann, 2003b) .
The ovarian network is highly branched and occupies a considerable portion of the prosoma (Makioka, 1988) . The paired oviducts lead to two gonopores on the ventral surface that open on the genital papillae, which are prominent slits on the posterior surface of the genital operculum (immediately anterior to the book gills). Egg production varies as a function of female size; females > 260 mm prosoma width (PW) contain an average of 63,500 mature eggs but small females (< 200 mm PW) have about 14,500 eggs (Leschen et al., 2006) . The eggs are released from the gonopores and fertilized by the sperm released from the amplexed and satellite males . Extruded eggs are then shaped by the female into discrete clutches of loosely cemented eggs. On sandy beaches, egg clutches are typically deposited at depths of 15 cm (Weber and Carter, 2009 ) but in more gravelly or shelly substrates, eggs are deposited closer to the surface. The number of eggs per clutch is highly variable; Leschen et al. (2006) reported an average of 960 eggs/clutch for females from Cape Cod, Massachusetts. However, clutch size may be subject to latitudinal variation, as Weber and Carter (2009) reported an average of 5,786 eggs/clutch from Delaware Bay, Delaware (compared to an earlier estimate of 3,650 eggs/clutch from Shuster and Botton, 1985 for Delaware Bay, New Jersey) and 2,236 from Florida (Brockmann, 1990) . Clutch size is not correlated with female size (Brockmann, 1996; Leschen et al., 2006) , and overall fertilization success within the clutch is independent of the number of males participating in the spawning event . The enormous concentration of sperm (10 10 ml -1 : Brown and Knouse, 1973) contributes to the high fertilization success in this species Loveland and Botton, unpublished) .
Developmental biology
Horseshoe crab development has been the subject of several classic monographs, and the descriptions, light micrographs, and line drawings provided by authors such as Packard (1870 Packard ( , 1885 , Kingsley (1882 Kingsley ( , 1883 , and Munson (1898) are still valuable references today. The use of scanning and transmission electron microscopy enabled G. G. Brown and colleagues to describe fertilization and early development in great detail (e.g. Brown, 1976; Brown and Clapper, 1980; Bannon and Brown, 1980; Brown and Barnum, 1983; Barnum et al., 1985) , and equally elegant studies of the development in the Japanese horseshoe crab Tachypleus tridentatus were conducted by K. Sekiguchi and colleagues (Sekiguchi et al., 1988a) . The synopsis of horseshoe crab development provided below is largely drawn from reviews by Brown and Clapper (1981) , Sekiguchi et al. (1988a) , and Shuster and Sekiguchi (2003) , and the nomenclature for the developmental stages follows these authors.
Unfertilized eggs (Stage 0) These are typically greenish-blue or greenish-gray, but some are pink. Unfertilized eggs are approximately 1.6-1.8 mm diameter and have a dry mass of 1.69 × 10 -3 g (Shuster and Sekiguchi, 2003; Leschen et al., 2006) . The egg surface is smooth, but immediately after release from the genital operculum, it may be slightly dented and is coated with an adhesive material that causes it to stick to other eggs and to sand grains. Unfertilized eggs have a large volume of yolk, surrounded by a tough outer chorion with many irregular pits when viewed under SEM (Sekiguchi et al., 1988a; Hajeb et al., 2009) . Fertilization and early granulation/degranulation (Stages 1.1 through 1.8) Horseshoe crabs have flagellated sperm that attach to the chorion in two stages. The initial attachment of the apical tip of the sperm head to the chorion is followed by the acrosome reaction and the penetration of the sperm acrosomal filament (Brown, 1976) . There is no evidence for a predetermined site of sperm entry, or micropyle (Hajeb et al., 2009) . A cortical reaction prevents polyspermy, and is evidenced by the appearance, fusion, and disappearance of a series of surface pits beginning about 3 min postfertilization and proceeding for about 30 min (Bannon and Brown, 1980; Barnum et al., 1985) . At stage 1.8, about 1 day after fertilization, the egg surface has a series of shallow furrows.
Appearance of cleavage nuclei (Stage 2) through germ disc formation (Stage 10) The changes that occur within the egg from Stages 1 through 10 are not easily discerned even under a dissecting microscope because of the density and pigmentation of the yolk (Fig.1A) . The use of the vital stain neutral red (1/20,000 to 1/400,000 in seawater adjusted to pH 5.8-6.0), has been recommended by Sekiguchi et al. (1988a) . The eggs undergo superficial cleavage, and with careful examination under the dissecting microscope, cleavage nuclei can be found on the egg surface. As development progresses, these cells divide and the size of the blastomeres decreases, giving the overall impression that the egg surface is becoming smoother. The germ disk begins as a triangular-shaped indentation at Stage 7 and gradually enlarges as the embryo develops.
Germ Disk Expansion (Stages 11 through 14) The germ disc continues to expand, and may be visible as a slightly uplifted area when the embryo is viewed laterally ( Fig. 5 .2 in Shuster and Sekiguchi, 2003) . By stages 11 and 12, bands or furrows appear within the germ disk; these will eventually give rise to the prosomatic appendages (walking legs and chelicerae). Limb Bud (Stages 15-17) Continued differentiation of the germ disk gives rise to the rudimentary prosomatic appendages (Fig. 1B) . These appendages continue to elongate and become more clearly recognizable. Even at the limb bud stage, careful microscopic study is essential to distinguish this stage from early embryos or even from unfertilized eggs since their color and diameter are virtually identical.
First embryonic molt (Stage 18) The limb buds continue to grow, becoming noticeably pointed at their tip, and the embryo is becoming distinctly more flattened in this region (most easily noted in lateral view, see Fig. 5 .2 in Shuster and Sekiguchi, 2003) . The chelicerae are becoming more distinct, and the initial segmentation of the hepatopancreas is evident. The production of blood cells (amoebocytes) begins at Stage 18 (Coursey et al., 2003) .
Second embryonic molt (Stage 19) The tips of the limb buds begin to develop a biramous claw-like shape; the lateral organs become prominent, and the embryo continues to flatten. Segmentation along the dorsal surface becomes evident.
Third embryonic molt (Stages 20-1 and 20-2) A clearly recognized transition occurs as the opaque chorion splits and the embryo can easily be seen, even in the field, with the unaided eye as it actively rotates within the clear inner egg membrane (Fig. 1C, D) . The prosomatic appendages become fully segmented, and the book gills of the opisthosoma develop rapidly. Stage 20 embryos are nearly twice the diameter of fertilized eggs and early embryos. The lateral (compound) eyes and median ocelli (simple eyes) are visible on the dorsal surface.
Fourth embryonic molt and hatching (Stage 21) The embryo molts for a fourth time within the outer egg membrane, resulting in the first instar or trilobite larval stage (Fig. 1E) . The book gills are larger than the previous stage and they move very rapidly. The animal greatly resembles the adult, except that the telson is lacking.
Post-embryonic growth and molting Trilobite larvae emerge from beach sediments (see Section 2 Larval hatching) and are briefly planktonic before settling to the benthos . Shortly thereafter, molting to the second instar stage occurs, and the telson is formed (Fig.1F) . The molting process is controlled by the hormone 20-hydroxyecdysone (Jegla, 1982) . Horseshoe crabs continue to grow with many reaching the fourth instar by the end of their first summer (Botton et al., 2003a) . It had been widely thought that juvenile horseshoe crabs were most abundant close to shore on intertidal sand bars (e.g. Botton et al., 2003a) , but this assumption may reflect the lack of proper sampling gear to collect them subtidally (Burton et al., 2009; Tankersley and Boleman, unpublished data) . Early instars feed on particulate organic material, but gradually consume benthic invertebrates such as polychaetes, crustaceans, and mollusks (Gaines et al., 2002) .
Remarkably, Limulus requires about 9-11 years to attain sexual maturity (Sekiguchi et al., 1988b) . Horseshoe crabs exhibit sexual size dimorphism as adults. The larger average prosoma width of females is most likely the consequence of differential maturity rather than a difference between sexes in the average molt increment (Smith et al., 2009a) . Horseshoe crabs attain their average largest size in the central portion of their range (i.e., Georgia to the southern shores of Cape Cod), but are significantly smaller both north of Cape Cod and in the southernmost part of their range, the Gulf of Mexico (Shuster, 1979; Graham et al., 2009) . Whether these differences relate to earlier maturation or differences in molt increment is not known.
Ecological importance of horseshoe crab eggs
Horseshoe crab eggs are widely recognized as an essential food for shorebirds passing through Delaware Bay during their Spring (northward) migration to the breeding grounds. Four species of long distance migrants-red knots Calidris canutus rufa, sanderlings C. alba, semipalmated sandpipers C. pusilla, and ruddy turnstones Arenaria interpres -comprise the vast majority of shorebirds that rely on horseshoe crab eggs, but numerous other species of shorebirds and gulls also feed on this resource (Botton et al., 2003b) . The importance of this ecological relationship and its significance for the conservation biology of shorebirds has been the subject of intensive research since the 1980's (see reviews by Botton et al., 2003b; Mizrahi and Peters, 2009 ). The Atlantic States Marine Fisheries Commission management plan for horseshoe crabs explicitly recognized the need to maintain the Limulus population at a level that ensures sufficient eggs to meet the nutritional needs of migratory shorebirds in Delaware Bay (ASMFC, 1998) . Because the shorebirds primarily feed on eggs in the upper 5 cm of the beach, a high density of spawning females is necessary to re-work the sediments and exhume the eggs because most egg clutches are deposited at 10-20 cm (Smith, 2007) . The eggs that are lost to bird predation probably comprise a relatively minor fraction of the overall egg input, and eggs on the sediment surface would probably desiccate and die even if there were no birds to consume them (Botton, 2009) .
Horseshoe crab egg densities in surface sediments of other estuaries are generally much lower than in Delaware Bay, and while birds may opportunistically consume the eggs, it is likely that the eggs are too sparse and patchy to make a sufficiently reliable food source to sustain a large migratory population (Botton, 2009) . Predation on horseshoe crab eggs and larvae by various crustaceans and surf zone fishes such as killifish Fundulus heteroclitus and Atlantic silversides Menidia menidia has also been reported (Botton, 2009 ), but has received relatively little study. The utilization of complex vegetative habitats by larvae and early benthic stage juveniles may be a consequence of increased predation risk in subtidal sandflats and non-vegetated areas (Tankersley and Boleman, unpublished data).
Larval Hatching
The use of the mid to upper-intertidal zone of sandy beaches by horseshoe crabs for nesting provides significant protection for developing eggs from aquatic predators. Moreover, deposition of clutches of eggs 10 cm-20 cm below the sediment surface reduces their exposure to harsh environmental conditions, including wave activity and extreme temperature and osmotic fluctuations (Rudloe, 1979; Shuster and Botton, 1985; Brockman, 1990; Botton et al., 1994; Penn and Brockmann, 1994; Weber and Carter, 2009 ). Thus, most embryos retained in the nests complete development and survive to the trilobite stage (Rudloe, 1979) . Nevertheless, this nesting pattern imposes significant challenges for the emergence of larvae from the sediments, their entry into the water column, and their dispersal and transport away from the beach.
As outlined above (see Section 1.2 Developmental Biology), embryos complete development and molt to trilobite larvae in approximately 28 days, although the rate of development is temperature and salinity dependent (French, 1979; Jegla and Costlow, 1982; Ehlinger and Tankersley, 2004; see Section 4.1 Environmental Physiology) . Larvae emerge from the nest and enter the water column when high-tides inundate the nests, typically during spring tides. Emergence may also be controlled by the light:dark cycle since peaks in larval abundance in the plankton occur at night (Rudloe, 1979; Botton and Loveland, 2003) . Larvae remain in the plankton for 7-10 days before molting to the first juvenile instar and settling in shallow benthic, near-shore habitats (Rudloe, 1979; Shuster, 1982; Sekiguchi, 1988; Botton and Loveland, 2003; Burton et al., 2009) . Like many aquatic species that lay eggs in terrestrial and semi-terrestrial areas, hatching is triggered by environmental cues that help to synchronize eclosion and emergence of larvae from the nests with conditions favorable for development and survival. Although hatching can occur in the absence of external stimuli (Jegla, 1979; , mechanical and osmotic processes associated with tidal inundation likely facilitate eclosion. When Stage 21 embryos were exposed to laboratory conditions that simulated submergence at high tide (i.e., hydration and agitation), most (65%-96%) hatched within 2 h of exposure to the simulated conditions and hatching levels were 2-4.5 × higher than those in control treatments Fig. 2) . These results are consistent with field studies conducted in nearshore areas adjacent spawning beaches in Delaware Bay in which peaks in larval abundance in the plankton were correlated with periods of strong onshore winds and rough surf (> 30 cm wave height)  Fig. 3 ).
These external mechanical processes may be aided by the movements and activity of the larvae and changes in the osmotic concentration within the egg. During development in the sediment, the perivitelline fluid inside the developing eggs becomes hyperosmotic to the ambient seawater and porewater (Fig. 4) . Thus, when inundated, eggs experience a hypoosmotic shock (~ 70 mmol kg -1 ), causing them to swell. As a consequence, the change in size and volume weakens the membrane causing it to rupture or making it more susceptible to mechanical disturbance.
Hatching in response to these exogenous cues associated with high water conditions (e.g., hydration, physical disturbance, hypoosmotic shock) is adaptive since it increases the likelihood that larvae hatch and emerge from the sediments when water levels reach the nest, thereby enhancing survival by preventing larvae from being stranded on the beach. The same responses to environmental changes might be equally advantageous in habitats that lack significant tidal changes, such as shallow water coastal lagoons and embayments. In these areas, water levels are generally determined by freshwater runoff and wind forcing. Consequently, the frequency of shoreline inundation is unpredictable and aperiodic. Indirect evidence that environmental cues associated with inundation trigger hatching comes from plankton surveys conducted in microtidal areas of Indian River Lagoon, FL Ehlinger and Tankersley, 2009 ). Spatial and temporal patterns of larval abundance were more closely associated with changes in water level than adult spawning activity, resulting in an apparent decoupling between peaks in spawning and larval abundance Ehlinger and Tankersley, 2007) . Finally, in both tidal and non-tidal areas, episodic hatching and emergence of large numbers of larvae might also serve to overwhelm aquatic predators locally, as has been suggested for other marine organisms with synchronized release of gametes and offspring.
Although temporal patterns in trilobite hatching and abundance in the plankton appear to be best explained by physical disturbances and osmotic changes experienced by developing embryos during periods of high water, larvae are typically more abundant in plankton samples collected at night (Rudloe, 1979; Botton and Loveland, 2003) . This apparent diel pattern in larval hatching might be a consequence of the phase relationships between the light:dark cycle and the dominant constituents of the tides. For example, during the summer spawning period in Delaware Bay (May -August), night tides are higher than day tides during new and full moons (spring tides). Thus, water levels might only reach nests in the mid-and upper-intertidal during nocturnal high tides. Behavioral responses of larvae to light may also contribute to diel differences in trilobite abundance. Rudloe (1979) reported that larvae swim more actively in darkness and are positively phototactic to dim light. Indirect evidence for the nocturnal emergence and presence of larvae in the plankton comes from feeding studies of Atlantic silversides (Spraker and Austin, 1997) . Comparisons of the feeding periodicity of Menidia menidia collected over a 24-h period revealed that Limulus larvae were common in the gut contents of fish collected at night, but were relatively rare in the diets of individuals collected during the day.
Behavior and Dispersal of Post-hatch
Trilobite Larvae
The ecology of Limulus larvae after they leave the nest and enter the plankton is poorly understood. Like many planktonic larvae, trilobites are weak swimmers relative to the velocities of horizontal currents in estuaries and intertidal sand and mud flats (0.04 -0.15 m s -1; Hidu and Haskin, 1971; Botton and Loveland, 2003) . Although they cannot make headway against these currents for horizontal movement, they can move vertically to take advantage of tidal flow moving in the appropriate direction. Transport of newly-hatched trilobite larvae away from the natal beaches and adult nesting areas appears to be facilitated by a tidal rhythm in swimming activity and vertical migration (Ehlinger and Tankersley, 2006) . Coupling of vertical migrations to cycles in the direction of tidal-stream flow, a behavioral process referred to as selective tidal-stream transport, is com-monly used by estuarine organisms for unidirectional transport (see review by Forward and Tankersley, 2001 ). Ebb-phased vertical migrations are used for seaward transport away from adult populations and export to coastal areas; flood-phased migrations are used for up-estuary transport and recruitment to settlement habitats. When placed under constant laboratory conditions, newly-hatched larvae from areas with semi-diurnal tides exhibited an endogenous rhythm with a free-running period that matched the tides at the collection site (~12.5 h) (Ehlinger and Tankersley, 2006) . Maximum swimming activity occurred 1.5-2.0 h after high tide (i.e., during falling tide) and periods of quiescence occurred during the expected time of the rising tide. Thus, the endogenous rhythm exhibited by trilobites is appropriately timed to facilitate unidirectional horizontal advection seaward and away from the beach by ebb currents (i.e., ebb-tide transport; Forward and Tankersley, 2001 ). Although a similar circatidal rhythm has been well-documented in adult horseshoe crabs (Chabot et al., 2004 (Chabot et al., , 2007 Watson et al., 2008 ; for review see Chabot and Watson, 2010) , the synchrony of the active phase is advanced by ~ 2 h (i.e., before high tide) compared to the rhythm of exhibited by larvae. Laboratory experiments indicate the circatidal rhythm of trilobites can be entrained prior to hatching by cycles of mechanical agitation, similar to those experienced by developing embryos during periods of tidal inundation (Ehlinger and Tankersley, 2006) . Thus, physical disturbance serves as both a trigger for hatching and a cue for entraining (i.e., zeitgeber) the vertical swimming activity of larvae to local tidal conditions. Despite possessing behaviors that prevent stranding and promote seaward transport, evidence from field studies suggest that larvae remain in shallow, nearshore habitats adjacent to spawning beaches (Rudloe, 1979; Shuster, 1982; Sekiguchi, 1988; Botton and Loveland, 2003; Burton et al., 2009 ). For example, Botton and Loveland (2003) reported that trilobite larvae were 10 -100 × more abundant in plankton samples collected near the shoreline than they were in tows 100 -200 m offshore. Similar results have been recorded in shallow lagoons (e.g., Indian River Lagoon, FL) which lack significant tidal currents. In these areas, trilobite larvae are rarely collected in the plankton and are primarily found in structured benthic habitats and vegetation (i.e., sea grass and drift algae) near spawning beaches Ehlinger and Tankersley, 2009; Tankersley and Boleman, unpublished data) . Since field data suggests that larvae are not transported great distances from the natal beach, the ebb-phased tidal rhythm in activity and larval swimming exhibited in by newly hatched trilobite larvae may be involved in position maintenance in older larvae. Increased activity (e.g., burrowing in the substrate or positive rheotaxis) during the falling tide would prevent larvae from being transported down-estuary or to deeper water. Following molting, juveniles also appear to stay within nearshore, subtidal habitats where they undergo several molts before migrating to deeper water (Rudloe, 1981; Shuster, 1982; Burton et al., 2009) . Given the short duration of the post-hatch trilobite stage (7 -10 days) and their tendency to remain in intertidal flats and nearshore benthic habitats, their potential for long-distance dispersal and transport, even within the same estuary, is limited.
Effect of Environmental Factors on
Survival and Development
Environmental physiology
Although the tolerance and physiological responses of older juvenile and adult horseshoe crabs to natural fluctuations in environmental conditions (i.e., temperature, salinity, oxygen concentration) has been studied extensively (see review by Towle and Henry, 2003) , less is known about the ability of early life history stages to cope with conditions characteristic of intertidal and shallow subtidal estuarine habits. Because horseshoe crabs nest in semi-terrestrial regions of sandy beaches, developing embryos and larvae are exposed to fluctuations in environmental conditions that are more extreme and variable than those experienced by juvenile and adult crabs. Consequently, L. polyphemus embryos and larvae are remarkably hardy and able to tolerant the rapid and often harsh environmental conditions of intertidal areas.
Studies of salinity tolerance indicate the optimal conditions for embryonic development are between 20-30 PSU (Jegla and Costlow, 1982; Laughlin, 1983; Sugita, 1988; Ehlinger and Tankersley, 2004) . Outside of this range, development time (time to hatching) increases. Although most studies have focused on the effects of lower salinity conditions (<35 PSU) on development and survival, Ehlinger and Tankersley (2004) examined the effects of more extreme salinities, i.e., those typically experienced by crabs inhabiting shallow water lagoons and embayments, on time to hatching and time to metamorphosis to the juvenile stage. Embryos completed development at salinities below 60 PSU, but hatching was delayed in more hypersaline conditions (50 and 60 PSU). Larvae were also more tolerant of salinity extremes than developing eggs and survived salinities from 10 to 70 PSU, but the duration of the trilobite stage increased with increasing salinity (Ehlinger and Tankersley, 2004) .
Most studies indicate that the optimal temperatures for embryonic development are between 25-30 o C (Jegla and Costlow, 1982; Laughlin, 1983) , although this range may differ slightly with latitude (Ehlinger and Tankersley, 2004) . Eggs and larvae are more sensitive to high temperature than to high salinities. Ehlinger and Tankersley (2004) reported that temperatures >35 o C are lethal to embryos and adversely affect the growth and development of larvae. Nevertheless, tolerance of extreme high temperatures appears to increase slightly with age (Fraenkel, 1960; Jegla and Costlow, 1982; Laughlin, 1983) . Reynolds and Casterlin (1979) reported that juveniles were able to tolerate temperatures as high as 40 o C. Both embryos and larvae are tolerant to cold temperatures. Jegla (1982) reported that trilobite embryos and larvae are capable of surviving extended periods (up to 8 months) when stored at temperatures between 13 -15℃. Under natural conditions, this cold temperature tolerance enables embryos and larvae to overwinter in the nests and complete development the following spring .
Trilobite larvae are relatively insensitive to hypoxia and anoxia, but their tolerance of low O 2 conditions declines as they approach metamorphosis. Bademan (2009) reported that > 75% of newly-hatched trilobite larvae survived exposure to anoxia for 168 h. Yet, median survival times (LT 50 's) for pre-metamorphic larvae and juveniles were 108 h and 18.6 h, respectively. A similar decrease in the tolerance of hypoxia also occurs as larvae age. This ontogenetic shift might be related to the ability of larval and juvenile crabs to regulate oxygen uptake under declining oxygen conditions. Palumbi and Johnson (1982) and Bademan (2009) reported that the critical oxygen tension (P c ) at which post-hatch larvae are able to sustain O 2 uptake was ~ 5 kPa. P c values increased to 9.65 kPa and 12.8 kPa in pre-metamorphic larvae and juveniles, respectively (Bademan, 2009 ). This gradual shift in O 2 tolerance during early development may be associated with the likelihood of each life history stage encountering hypoxic or anoxic conditions, rather than a consequence of the transition from pelagic to benthic habitats that accompanies metamorphosis. While buried in nests, embryos and larvae may experience low oxygen conditions and larval trilobites that hatch while still in the sediment may remain trapped there and exposed to hypoxia for extended periods of time (Rudloe, 1979; Botton et al., 1988; Penn and Brockmann, 1994; Jackson et al., 2008) . Because planktonic larvae and newly metamorphosed juveniles are typically found in nearshore subtidal habitats, they may be less likely to be exposed to extended periods of hypoxia or anoxia than larvae buried in nests below the sediment surface Botton and Loveland, 2003) .
Compensatory mechanisms utilized by Limulus trilobites and juveniles in response to low oxygen conditions include increases in heart rate and book gill ventilation rates (Bademan, 2009) . Ventilation and heart rates of post-hatch larvae are relatively stable at O 2 levels above 10% O 2 saturation (~2.12 kPa). As with survival, pre-metamorphic larvae and juvenile crabs are more sensitive to low O 2 than recently hatched larvae and begin increasing their ventilation and heart rates at ~ 20% O 2 saturation.
Effects of environmental pollutants
Horseshoe crabs spawn across a wide cross-section of habitats, ranging from relatively pristine to estuaries impacted by industrial, agricultural and municipal wastewater. Based on laboratory bioassays, Botton et al. (1998 a, b) and Botton (2000) found that stage 20 embryos and trilobite larvae were highly tolerant of pollution by metals, including cadmium, mercury, copper, zinc, and tributyltin compared with larvae of other marine arthropods, and that acute toxicity from these metals would require levels exceeding those normally found in even the most severely polluted U.S. estuaries (Botton and Itow, 2009). Bioassays using oil (Laughlin and Neff, 1977; Strobel and Brenowitz, 1981 ), PCB's and related compounds (Neff and Giam, 1977) and insecticides (Weis and Ma, 1987) also demonstrated that Limulus embryos and larvae are highly pollution-tolerant. Botton and Itow (2009) speculated that stress proteins (e.g. HSP70 and HSP90), which presumably evolved to enable embryos and larvae to survive the temperature and osmotic stresses of the intertidal zone Greene et al., accepted) , could also be important in pollution tolerance.
Some laboratory studies have indicated that sublethal levels of toxins can lengthen embryonic development and/or intermolt duration (Strobel and Brenowitz, 1981; Botton et al., 1998b) , induce a variety of developmental anomalies (Itow et al., 1998a) , and interfere with regeneration (Itow et al., 1998b) . In field studies, the frequency of abnormal Limulus embryos from estuaries near New York City (Jamaica Bay, New York and Sandy Hook Bay, New Jersey) was no higher than it was from lower Delaware Bay (Botton and Itow, 2009 ), suggesting that water quality in the more urban locations was not seriously impacting horseshoe crabs. Interestingly, embryos of the Japanese horseshoe crab Tachypleus tridentatus had a much higher rate of developmental abnormalities when collected from polluted waters (Botton and Itow, 2009 ), but the exact composition of these waters is not known.
Because horseshoe crab eggs are the primary food for migratory shorebirds in Delaware Bay (Botton et al., 1994; Mizrahi and Peters, 2009) , there is ongoing concern about the potential trophic transfer of contaminants. However, Burger et al. (2003) concluded that the current concentrations of metals in horseshoe crab eggs were unlikely to have adverse effects upon shorebirds during the 2-3 wk of feeding in Delaware Bay.
Importance of understanding Limulus developmental schedule when collecting data on egg abundance
Life history factors of Limulus are not well documented. Species of horseshoe crabs are long lived; however, little is known about survival rates between sequential developmental stages. For example, little is known regarding the behavior and molting cycle of juvenile horseshoe crabs once they leave the intertidal zone. Recent interest in egg deposition by Limulus, particularly in Delaware Bay, has been largely focused on the link between egg abundance and nutritional value to migratory shorebirds (Mizrahi and Peters, 2009) .
At the beginning of the spawning season, in late April or early May, the beach is empty of horseshoe crab eggs. Newly arriving spawning horseshoe crabs deposit their eggs in relatively undisturbed sediments. However, since the spawning season may extend into July, or even August, successive waves of spawning crabs begin to compete for sediments that gradually saturate with eggs. In the process of successive deposition of eggs, inevitably some eggs that were laid earlier will be displaced by the burrowing activity of the newly arrived females (Smith, 2007) . At this time, one may observe fresh eggs lying on the surface of the beach sediments. These eggs are either consumed by migratory shorebirds, or they desiccate, or the eggs are washed into the offshore waters and become food for near shore fish and crabs (Botton, 2009 ). In addition, previously deposited egg clutches may become fragmented and dispersed among the sediments, often working their way toward the surface. Nevertheless, a significant portion of egg clutches reside at depths of 10-20 cm in the sand (Weber and Carter, 2009) , where development proceeds.
Quantitative sampling of horseshoe crabs is best achieved by driving a series of replicate cores into the sediments to depths of 25 cm or more (Pooler et al., 2003) . In routine workup of these samples, eggs are generally assessed as either "live eggs", or "dead eggs" if they have begun to decay or are coated with fungi. The problem with simply assuming that all eggs are "live eggs" is that this also assumes that they are "freshly laid eggs." However, as noted in the earlier description of Limulus development (see section 1.2), very close microscopic examination is necessary to distinguish recently fertilized eggs from early embryos, and there is virtually no way to visually distinguish between unfertilized and newly fertilized eggs. Given the temporal aspects of egg deposition by successive waves of spawning females, a field sample of eggs on a particular date may actually consist of an assemblage of eggs that are in varying stages of development. Thus, there is a strong possibility that eggs collected in the successive weeks may have been deposited in an earlier week and are not "freshly laid eggs." A sample of eggs on a particular date may not reflect the actual age distribution of the eggs because of asynchronous developmental rate, and environmental factors such as temperature and density.
To accurately assess the transition of eggs into embryos, and embryos into "trilobite" larvae, one must apply a developmental schedule to the field data. Culturing a sub-sample of about 100 eggs from the core sample for 30 -40 days provides a schedule which is specific to the time that the eggs were initially deposited. We have found that correcting raw field data, using culture data, may have a profound effect on our understanding of the pattern of spawning, as well as estimating the life table factors of early development in horseshoe crabs (Loveland and Botton, in preparation) . For example, temporal patterns of egg abundance may appear to be quite random when one plots raw field data. But, after applying corrections from developmental schedules obtained by culturing field eggs, coherent patterns emerge, reflecting lunar periodicity in Delaware Bay; these corrections generate an orderly progression of eggs developing into embryos, and embryos metamorphosing into larvae.
Most of the data available on egg density has been collected without regard to developmental schedules, because much of the current interest in horseshoe crab egg density centers on the availability of eggs to migratory shorebirds (Mizrahi and Peters, 2009) . A rather massive decrease in horseshoe crabs in the Delaware Bay region during the decade of the 1990's (e.g. Smith et al., 2009b) resulted in significant loss of horseshoe crab eggs which are a necessary resource for migratory shorebirds. Eggs consumed by shorebirds would probably be lost to the population anyway since its unlikely they would remain viable and complete development near the sediment surface. However, in order for horseshoe crab eggs to be abundant on the surface, it requires rather high densities of eggs to be present at depth, where normal development proceeds. When eggs are diminished at depth, it follows that eggs are also not abundant on the surface. Thus, there is a correlation between the density of horseshoe crabs spawning on the beaches of Delaware Bay, and the amount of food resources available to migratory shorebirds (Smith, 2007) . Studies of the latter may have trumped the interest in horseshoe crab populations, particularly investigations on early life factors. We feel that more emphasis should be placed on the demographics and early life history of Limulus per se, which would also yield data on resources necessary for the management of migratory shorebirds.
Developmental Ecology, Fishery
Management, and Evolutionary Success: Some Concluding Remarks
An understanding of horseshoe crab developmental ecology can contribute to the sound scientific management of Limulus populations. Based on DNA microsatellites, King et al. (2005) suggested that the species should be subdivided into Gulf of Maine, middle Atlantic, southeast Atlantic, Florida-Atlantic, and Florida-Gulf regions for management purposes. Because the larvae do not disperse widely from their natal beaches, there is probably limited connectivity among different spawning areas see section 3 Behavior and Dispersal of Post-hatch Trilobite Larvae) . Thus, the most vulnerable populations of horseshoe crabs to potential over-exploitation may well be the smaller, more geographically isolated populations at the northern and southern fringes of its range. Unlike many marine bivalves and decapods that have planktonic larvae capable of long-distance dispersal, Limulus larvae tend to concentrate in nursery habitats near the breeding beaches. Should there be depletions of smaller, isolated populations of horseshoe crabs, it is highly unlikely that there would be significant levels of recruitment to these populations through larval settlement.
Most of the focus on horseshoe crab management has centered on the large middle Atlantic population, because of the relationship between Limulus eggs and migratory shorebirds in Delaware Bay (e.g. ASMFC, 1998; Mizrahi and Peters, 2009) . Adult horseshoe crabs in the middle Atlantic disperse and intermingle on the continental shelf (King et al., 2005) . While not minimizing the ecological importance of the Delaware Bay population, we suggest that the limited estuary-shelf movements of adult crabs in locations such as northern New England (e.g. Moore and Perrin, 2007; James-Pirri, 2010; Schaller et al., 2010; Watson and Chabot, 2010) , coupled with limited larval dispersal, puts these populations at greater risk of local extinction.
Horseshoe crabs (xiphosurids) are well-known living fossils that date to the Late Ordovician, some 445 million years ago (Rudkin and Young, 2009 ). The versatility of the adult body plan in facilitating activities such as burrowing, feeding, and the aeration of respiratory structures may help explain its geological longevity (Shuster and Anderson, 2003) . Moreover, adults can thrive over a wide range of temperatures, salinities, and sediment types and can feed on an assortment of foods (Fisher, 1984; Shuster and Anderson, 2003; Rudkin and Young, 2009) . We suggest that the role of developmental ecology in understanding the evolutionary success of horseshoe crabs has been underappreciated. The adult body plan may have served them admirably over time, but the durability of horseshoe crabs implies that their embryos and larvae must have also been able to survive whatever environmental challenges confronted them. It is worth noting that we do not know when intertidal spawning and/or the trilobite larvae first evolved, as no fossil of a horseshoe crab embryo or larva has been found. This is not surprising, as even adult horseshoe crabs rarely fossilize because of the non-mineralized chitinous exoskeleton (Shuster and Anderson, 2003; Rudkin and Young, 2009 ). The horseshoe crab developmental schedule is highly plastic and the larvae can survive in the sediments for many months until hatching when conditions are favorable. As we have emphasized in this review, these embryos are eurythermal, euryhaline, and extremely tolerant of variable water quality. In our view, these traits have played a major role in the long-term evolutionary success of the horseshoe crab lineage.
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